In this study, we worked on the formation of micro through holes in multi-component glass substrates using laser-assisted etching, in which mixed aqueous solutions of hydrofluoric acid (HF) and nitric acid (HNO 3 ) were used for the etching. Glass samples modified by femtosecond laser irradiation were immersed for 10 minutes in aqueous solutions containing 2% HF and between 0 and 32% HNO 3 . The subsequent optical microscope observations and measurements showed that the highest etch selectivity, which was 21, was obtained with an etch solution containing 6% HNO 3 . Furthermore, through holes with diameters approaching 20 μm were successfully formed in a 100 μm thick glass substrate without any cracks using the mixed solution.
Introduction
Laser-assisted etching is a powerful method for forming three-dimensional (3D) microstructures in transparent materials. In this method, femtosecond laser irradiation of the material causes nonlinear absorption and modification of the material at the focal point. The modified region can be removed selectively by wet chemical etching, so that a microstructure is formed in the material [1] [2] . Many different micro components, such as channels [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , mechanical elements [13] [14] [15] , optical elements [16] [17] [18] [19] , sensors [20] [21] , lasers [22] and photonic crystals [23] , have been formed using this method. One of the promising applications of these components is microfluidics for chemical and biological analysis [24] [25] [26] .
We have been working on the formation of micro through holes in multi-component glass substrates using this method. Such through holes are needed for 3D semiconductor device packaging technologies where they are used as through glass vias (TGVs). These are generally required to be less than 20 μm in diameter in 100 to 200 μm thick substrates. Other methods to form such holes, such as laser ablation [27] [28] [29] , have been investigated; however, this has not become an established technique. For this study, we used mixed aqueous solutions of hydrofluoric acid (HF) and nitric acid (HNO 3 ) for the wet etching. It is commonly known that this mixed solution has a high etch rate as well as forming smooth surfaces in multi-component glass compared with using aqueous solutions containing HF only, because HNO 3 prevents the precipitation of insoluble fluoride compounds [30] . On the other hand, the effect of the mixed solution in laserassisted etching is unknown. For this study, we investigated the relationship between the concentration of HNO 3 in the mixed solution and the etch selectivity, which is defined as the etch depth of the modified region divided by the etch depth of the unmodified region. Furthermore, we demonstrated the formation of 20 μm diameter through holes in a 100 μm thick glass substrate using the mixed solution with the highest etch selectivity.
Experiment
Schematic illustrations of the glass sample modification process are presented in Fig.1 . As shown in Fig. 1(a) , an amplified femtosecond fiber laser system (IMRA America, FCPA μJewel), operating at a wavelength of 1045 nm, with a 450 fs pulse width and 100 kHz repetition rate was used. The laser beam passes through an attenuator and a beam expander and is then focused by a 20× objective lens (NA=0.4). The pulse energy irradiated to the glass sample was adjusted to 1μJ/pulse by the attenuator, which consists of a half-wave plate and a polarized beam splitter. The multi-component glass samples used in this experiment were non-alkaline glass with a thickness of 200 μm. These were mounted on a motorized stage and translated in the direction of the optical axis at a speed of 20 mm/s such that the focal point moved from the rear surface to the front surface of the sample, thus forming a linear modified region as shown in Fig. 1(b) . Fig. 2 is an optical microscope image of one of these samples, in which three modified regions can be seen. It is clear that the modified regions are not homogeneous along the optical axis; indistinct regions are found on the front side of the each modified region (upper side of the image). This inhomogeneity is probably caused by the influence of spherical aberration due to refractive indexmismatch at the interface between the glass and air [31] . These samples were immersed for 10 minutes at room temperature in aqueous solutions containing 2% HF and between 0 and 32% HNO 3 , which was varied for each sample. After etching, the samples were analyzed using an optical microscope. Fig. 3 shows optical microscope images of the etched samples, with the concentration of the HNO 3 being (a) 0%, (b) 3%, (c) 6% and (d) 32% (by weight). The top and bottom of the images correspond to the front and rear surfaces of the samples, respectively. The images show that the hole depth on the front side differs from that on the rear side in all samples. On the front side, the hole depth is insufficient. The indistinct modified regions mentioned above have prevented the hole from extending deeper into the glass, which means that the etch rate of the indistinct regions are very low. From here on, we focus our attention only on the rear side of the samples. As shown in the images, the hole depth and shape depend on the HNO 3 concentration. In particular, in the 32% sample, the hole diameter at the entrance is very large, and the sample has become thinner compared with the other samples. This is because the unmodified region of the glass is also etched well by the concentrated HNO 3 , so the hole extends laterally over the modified region as well as thinning the sample. The measurements of the hole depth, d, from these images are summarized in Fig. 4 as a function of HNO 3 concentration. The depth here is the average depth of 10 to 13 holes for each plotted value. Additionally, the error bars in the figure represent standard deviation (1σ). The etch depth of the unmodified region, d 0 , which is half the reduction in thickness of the sample, is also shown in the figure. As shown in the figure, d increases rapidly as the concentration of HNO 3 increases to 6%. When it exceeds 6%, d more or less saturates. This saturation can be explained as being due to fresh solution being unable to reach the bottoms of the holes as the hole depth increases [5] . On the other hand, the etch depth of the unmodified region, d 0 , increases monotonically as the concentration of HNO 3 increases. . From the figure, the highest value of δ, i.e. 21, is observed with a HNO 3 concentration of 6%. The highest etch selectivity, 21, is much lower than the etch selectivity of fused silica (more than a few hundred) [5, 6] , because, unlike in fused silica, no periodic nanostructures are formed in multi-component glass such as non-alkaline glass [5] . We tried to form through holes in 100 μm thick nonalkaline glass substrates using the mixed etching solution containing 6% HNO 3 and 2% HF. Optical microscope images of these through holes are shown in Fig.6 . This shows cross-sections of the through holes in a cleaved sample. The holes have a pitch of 50 μm and have been successfully formed without any cracks around them. The diameter of the holes is close to 20 μm; thus the aspect ratio is about 5.
Results and discussion

Conclusion
Laser-assisted etching, which uses femtosecond laser irradiation followed by wet chemical etching, is a powerful method for forming 3D microstructures. In this study, we used this method with mixed aqueous solutions of HF and HNO 3 for the etching to form micro through holes in multicomponent glass substrates. The samples were modified by a femtosecond laser and subsequently immersed for 10 minutes in aqueous solutions containing 2% HF and between 0 and 32% HNO 3 . The subsequent optical microscope observations and measurements showed that the highest etch selectivity, 21, was observed with a HNO 3 concentration of 6%. Furthermore, through holes with diameters approaching 20 μm were successfully formed in a 100 μm thick glass substrate using the solution. Our plan for our future work is to reduce the inner wall roughness and the taper angle of the holes. For that, we need to reduce the inhomogeneity of the modified region. Additionally, material analysis of the modified region is also important. We believe that this is a potentially effective method for forming small diameter holes with narrow pitch compared with other methods. 
